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Executive Summary

Natural soiling has reduced the energy output of photovoltaic (PV) systems since the technology
was first used. Projecting even a small average annual soiling loss translates to billions of dollars
in annual lost revenue worldwide.! Production losses due to soiling can be very high in some
locations, substantially increasing the levelized cost of electricity (LCOE) due to lost power
production, increased operating and maintenance costs, and/or increased finance cost due to the
uncertainty. Furthermore, although soiling has been discussed in the literature for more than 70
years, solutions to many problems are still needed. The National Renewable Energy Laboratory
(NREL) is working with the PV industry to develop the tools/knowledge so that the effects of
soiling can be predicted for different environmental conditions and cost-effective mitigation can
be implemented. For this project, NREL performed a number of research and development
tasks/subtasks in the following general areas to 1) predict PV module soiling losses based on
environmental factors at a PV installation and from its energy production data, 2) quantitatively
measure the adhesion forces to understand the physics enabling soiling, and 3) develop related
standards on PV module coatings and artificial soiling. At the inception of the project, the PV
industry considered these efforts to be the most important and immediate soiling issues that we
could address to have the highest impact on LCOE. These focused efforts have led to outstanding
accomplishments that have been communicated and very well received by the community.

To help decrease the uncertainty—and thus, costs—of soiling loss at specific sites, NREL has
developed novel protocols to accurately extract soiling losses from PV production data? and to
predict soiling losses at new sites from soiling loss data and environmental factors.? The ability
to determine soiling loss from production data reduces or eliminates the need for soiling stations
at a PV installation. Effectively, any PV installation can also be used to determine soiling losses.
These analyses have been used to help build a “soiling” map that is available on the NREL
website (www.nrel.gov/pv/soiling.html) and can be used by project engineers and finance
groups to get a more accurate measure of soiling at a potential PV installation site. NREL has
used soiling station data to identify the most important environmental factors that are correlated
with average soiling losses and is using this information to develop models that accurately
extrapolate and/or predict soiling losses at prospective sites without the need for local soiling
stations.

NREL’s investigations of soiling adhesion has several substantive conclusions. For example,
dust adhesion is typically lower than expected and does not increase with increasing particle
diameter because natural dust has rough surfaces that along with rough PV surfaces substantially
reduce contact area. This result explains why larger particles, which effectively have the same
contact area and thus adhesion force as smaller particles, are more easily blown off the PV
modules than smaller particles with lower shear forces from the wind. Surface roughness (not
surface energy) also appears to be the dominant factor in capillary adhesion resulting from thin
layers of water on the module surface due to humidity in the air. This may address many of the
contradictory published results and why both hydrophobic and hydrophilic surface modifications
appear to reduce initial soiling, in that often the surface modifications can result in rougher
surfaces. Interestingly, rougher surfaces may increase the formation and adhesion of cemented
materials and fungi growth. Ultimately, fungi may be a critical component of soiling that is often
overlooked but may be very prevalent in humid places around the world. Certainly, the initial
results from our outdoor test samples and veteran module examination that found fungi on PV
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modules around the world indicate that much more work is needed in this area. Finally, another
overlooked aspect (along with potential-induced degradation of the modules) of the practice of
operating PV arrays at voltages up to 1500 V is the demonstrated increase in dust attraction and
dust adhesion that occurs even when the sun has set, and ultimately, it has been demonstrated to
increase soiling losses. Ultimately, the goal of all this work is to help the community understand
soiling processes sufficiently well enough to identify effective mitigation strategies that may
include well-scheduled cleaning, improved/appropriate cleaning techniques, and perhaps the
identification of useful surface properties.

For both cleaning and coatings, a set of procedures needs to be developed to help identify what
type of PV module degradation can be expected in actual field operations. Thus, for this project,
NREL started the arduous process of identifying the available appropriate knowledge and plans
for obtaining the other required information to establish a standard set of test conditions that can
be used to qualify coatings and cleaning practices that may be used in conjunction with PV
modules. After a thorough literature review, NREL identified several appropriate test standards
that might be adaptable for use with PV modules and started modifying these tests as needed to
produce results similar to those seen from field samples and veteran modules. In addition, NREL
worked with industrial partners to obtain a diverse set of potential PV coatings on PV glass
samples that were then fielded at different partner sites around the world. These samples were
systematically cleaned in one of four methods, and samples are being returned to NREL every
year for five years. These field samples and veteran modules provide the information needed to
develop the laboratory tests that will be used to qualify the durability needed for coatings. In
addition, NREL partners at Arizona State University have been developing artificial soiling and
cleaning procedures that will be used as the basis for a coating efficacy standard.

Initial results from field coupons and veteran modules have identified several interesting findings
that require additional investigations. For example, despite the high temperatures associated with
PV modules and the glass coupons with black backing, fungi was observed on many samples
from many different places around the world. The fungi growth on PV modules appears to be
correlated with higher humidity and/or water levels, does not appear to be removed with simple
rain events, and may be responsible for energy loss throughout the United States and world
ranging from less than a couple of percent to perhaps more than 10%. NREL has developed
optical microscope imaging analysis that quantifies the amount of soiling from fungi versus other
“dust” on a sample surface so that more detailed evaluations can be performed on PV modules to
quantify the overall energy loss due to fungi throughout the United States. Another key result
was that monthly dry brushing caused substantial damage to even very hard coatings in high dust
regions. This suggests that cleaning schedules and/or technique may need to be adjusted based
on the environment, amount of soiling, and/or coating. Finally, initial accelerated tests identified
that although nylon may be durable, it may also induce more damage, compared with other
common bristle materials (e.g., polyester and hog bristle) used in the glass-cleaning industry.

By providing a detailed understanding of soiling mechanisms and the corresponding standards
/requirements for PV module coatings, NREL is providing valuable information for the PV
community to help develop effective and/or durable soiling mitigation technologies. In addition,
by providing the community with methodologies to more accurately measure and/or predict
soiling loss at a specific site, NREL is helping to reduce uncertainty in PV production. By
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reducing the uncertainty, operating and maintenance costs, and module costs— while increasing
PV plant power output—this project achieved its primary goal of reducing PV LCOE.
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Background

Natural soiling has reduced the energy output of photovoltaic (PV) systems since the inception of
the technology. As the National Renewable Energy Laboratory’s (NREL’s) comprehensive
review of solar energy soiling documents,* the issues have been discussed in the literature for
more than 70 years—and yet, “the fundamental properties of dust and its effect on energy
transfer are still not fully understood, nor is there a clear solution to the problem.” Soiling, i.¢.,
the accumulation of contaminants such as dust, particles, or dirt on the surface of PV modules
affects PV modules worldwide. Soiling absorbs, reflects, and deflects sunlight, reducing the
intensity that reaches the PV cell and thus, in turn, reducing the electricity produced. Power
drops higher than 50% have been reported worldwide because of soiling,* while losses up to 7%
of the annual energy yield have been caused by soiling in the United States.’ Additional
investigations found that often a substantial amount of rain is required to actually remove the
soiling, and that without active washing, the PV energy output can be reduced 20% to 40%
during typical weather conditions.® Of course, sand storms can coat surfaces and reduce energy
collection very rapidly. Furthermore, the most insolation-rich regions in the United States/world
can have higher soiling losses, and some solar thermal plants need to be cleaned twice weekly.’
A flat 4% soiling loss affecting all the PV capacity worldwide would lead to $2 billion loss in
revenue every year.® On the other hand, cleaning a utility-scale PV system currently costs $0.20
to $0.50 per module, depending on the system size and location, and can be even more expensive
for smaller commercial or domestic systems. Considering premium modules rated at 365 W and
a cleaning cost of $0.20 per module, a one-time cleaning of a 10-MW system costs more than
$5,000. Therefore, it is important to monitor soiling in order to plan the most accurate cleaning
schedule because cleaning non-soiled modules is an unnecessary expense, whereas not cleaning
a soiled module is an avoidable energy and economic loss. Some of these issues may be resolved
if coatings can be developed to increase light transmission (e.g., antireflecting coatings) and/or to
decrease the amount of soiling that adheres (e.g., anti-soiling coatings) to the front surface of the
modules. Substantial efforts to develop such coatings have been in progress for decades, but
there is still very little understanding to guide coating development in terms of fundamental dust
adhesion and of qualifying coatings in terms of efficacy and durability, especially in harsh
soiling environments where corrosion and abrasion may substantially impact performance and
degradation.

Introduction

To have maximum impact on the soiling problem, this project fully engaged U.S. PV and coating
manufacturers to identify the most important problems that could be addressed within the three-
year effort. The overall goal of this project was to help reduce levelized cost of electricity
(LCOE) in one of two ways. First, we developed methodologies/models that more accurately
predict annualized soiling losses at new PV plant sites. These types of models reduce
performance uncertainty, leading to lower finance rates and thus lower LCOE. Second, this
project provided the PV industry with the necessary tools/knowledge for successful long-term
deployment of modules with value-added coatings (e.g., antireflection and/or anti-soiling
coatings). Such coatings target increased energy yield, leading to lower LCOE, but this can only
be realized if the coating is appropriate for the installation environment and has the necessary
long-term durability.
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NREL’s team has taken a proactive approach to directly address some of the unresolved issues
with soiling. To develop site evaluation tools, we used soiling station data, PV production data,
and environmental data to identify critical criteria correlated with soiling losses. These high-
quality data came from hundreds of sites (well over $1.5 million in cost share from partners such
as First Solar, SunPower, and Cypress Creek) to produce accurate annualized soiling losses from
production data and from models based on environmental parameters. These soiling loss results
can then be used to determine operating and maintenance (O&M) needs. These evaluations avoid
the complexity of previous less successful attempts that tried to understand specific soiling
events.

Complementary efforts developed industry-priority tools for value-added PV module coatings,
involving: 1) deployment guidelines that are specific to the location and interface properties
involved, and 2) international long-term durability standards. For example, surface roughness
(not surface energy) was found to be the dominant factor associated with initial dust adhesion
both in dry and humid conditions. Furthermore, humidity was a critical component creating more
strongly adhered soiling (i.e., cementation), and the high voltages in modern utility and
commercial arrays result in stronger dust attraction (i.e., higher soiling rates), stronger initial
adhesion, and accelerated cementation. For the standards, the correlation between laboratory
tests and field-observed degradation has required many “standard” test protocols to be
substantially adjusted.

NREL’s team used its expertise to identify and quantify the actual adhesion
mechanisms/processes of soiling. This information is synergistic with the soiling loss modeling
by providing information about which variables distinguish one location from another. This
module surface property knowledge and soiling rate models are also important in developing
coating durability standards that correlate accelerated laboratory test results with field
degradation observations. Overall, this project used a technical plan that was industry-directed,
achievable, and focused on directly impacting PV LCOE.

Project Results and Discussion

Predicting Annualized Soiling Loss

Present O&M standards require PV systems to be monitored for soiling if annual soiling losses
higher than 2% are expected, and the standards recommend multiple soiling detectors for any site
greater than 5 MW.? So far, the community has been monitoring soiling at PV sites mainly by
using soiling stations.'®!! These systems are generally made of two PV devices (cells or
modules), one of which is left to soil naturally while the other is regularly cleaned. Soiling is
quantified by comparing the electrical outputs of the two PV devices. Soiling stations are cleaned
either by an operator or through an automated rotating brush or high-pressurized water spray. As
has been discussed, '? soiling stations require frequent cleanings and careful maintenance, which
can be expensive; otherwise, their uncertainty can be even higher than the soiling measurement.
In this light, innovative cleaning-less soiling stations have been presented and recently launched
in the market to reduce the price and to limit the O&M cost of soiling monitoring devices. !>!%13

Soiling extraction methods are an alternative to soiling stations to identify soiling trends directly
from PV performance data. The first models presented in literature ®'° used the rainfall data and
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the soiling rate recorded during the longest dry period to estimate the yearly soiling losses at a
number of sites in California. These models are simple and effective, but require the knowledge
of the rainfall pattern (which might not always be available) and consider a fixed soiling rate for
the whole data series (determined by a least-square regression of the longest soiling period).
NREL investigations have shown that the soiling rate can vary with months, seasons, and
years,!7 1819 Jeading to the requirement of new algorithms to better estimate soiling losses and
soiling rates.

Being able to predict soiling losses at a new PV site would make it possible to include a more
accurate soiling loss estimation in site cost-evaluation and selection and also to design the
systems and O&M plans to reduce the losses and minimize the costs. In addition, along with the
loss in energy conversion, soiling causes an increase in the uncertainty of PV production, which
leads to higher finance rates from investors. For all these reasons, when a new site is chosen for a
PV installation, soiling stations are generally deployed first or soiling data from nearby sites are
used to estimate the losses of the future plant. Soiling stations are the most common method to
quantify soiling but require time to record enough data for an accurate estimation. On the other
hand, soiling extraction algorithms are used if PV installations are available nearby, even if,
before this project, no study had investigated how soiling varies among different sites depending
on their distances. If PV performance and soiling data are lacking, environmental parameters
could ideally be used to predict soiling at a new PV site because they are available for multiple
years in many locations at no additional hardware cost. When the project started, studies had
already discussed the relations between soiling, rainfall, and particulate matter;>° but no work
had moved beyond site-specific soiling-loss analysis, investigating these relations in a systematic
way for a large number of sites.

3

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Soiling Loss from Production Data
For this project, the NREL team developed a new, scalable approach for accurately quantifying
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precipitation threshold (FRP)
models.%'® These models rely
on a single soiling rate, which
is assumed to be known, and
apply that rate between rain or
cleaning events to generate a
soiling profile. Such models w0 s0 0
can be useful, but the
assumption of a constant and
known soiling rate can be
problematic. These models
also require a precipitation
threshold for cleaning and a
refractory period (during
which no soiling occurs after
rain). These parameters may
be site-dependent. The new
procedure does not require knowledge of a site-dependent soiling rate, a cleaning threshold, or
precipitation data.
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Time (days)

0.925

0.930 0.935 0.940
Insolation-Weighted Soiling Ratio

Figure 1. The steps of the stochastic rate and recovery method.
(a) Positive shifts in a moving median of daily performance
metric (PM) are automatically detected and classified as cleaning
events. This divides the time series into soiling intervals. (b)
Each soiling interval is analyzed with the Theil Sen regression
method to extract the slope (soiling rate) and uncertainty in the
slope. (c) The uncertainty of each soiling interval is used in a
Monte Carlo simulation to quantify the effect of possible soiling
intervals that explain the data. (d) The resulting distribution in
soiling losses is analyzed for median and confidence interval.?

The procedure developed at NREL, termed stochastic rate and recovery (SRR), is based on the
automated detection of cleaning events and an assessment of the soiling profiles and their
uncertainty between cleaning events. In
the final step, a Monte Carlo simulation
is used to generate possible soiling loss
profiles and assess uncertainty. The
steps are illustrated in Figure 1 and
described in detail.? Key advantages are
that it avoids site-dependent parameters v
and inherently captures the uncertainty £ O |2 | AT
in the irradiance-weighted soiling ratio.
The SRR method was validated on 11 o
different soiling stations, where it T N il
outperformed FRP models across a =
range of statistical parameters, as shown
in Table I. In addition, an early version
of the SRR enabled NREL to quantify

Photovoltaic Module Soiling Map

ol Unaed S

Figure 2. Screen shot of NREL soiling map.
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significant year-to-year variations in soiling loss.!” Finally, the SRR code has been made open-
source and publicly available.?!

As part of the Phase 2 Milestone, the model presented by Deceglie et al.? and the other soiling
extraction techniques developed by the NREL team during the project??* have been used to
populate a map (Figure 2) of PV soiling, with data collected from PV systems and soiling
stations installed in the United States. The map has been made available on the NREL website
(www.nrel.gov/pv/soiling.html) and, in its first version, contains 83 data points5 and covers PV-
relevant regions with diverse climates. The map will be updated as new locations become
available. In addition, in agreement with our industrial partners, the time series of 19 soiling
stations have been made available.?*

The map is a useful tool to help investors and O&M teams better estimate soiling losses. In this
light, the ability to predict soiling at new PV sites by using soiling data from nearby locations has
been investigated by Micheli et al.?> at NREL by

employing different spatial interpolation

techniques. This study showed average Table I. Validation results comparing the
stochastic rate and recovery (SRR)

coefﬁcient; of determinatipn as high as 0.74, method developed here, and status quo
corresponding to a normalized root-mean-square fixed rate and precipitation (FRP) models
error (RMSE) of 22.3% between the soiling with various rain thresholds and
measured at a number of sites with soiling refractory periods. The coefficient of
stations and soiling estimated at the same sites by determination (R?), root-mean-square

error (RMSE), and mean signed deviation

interpolating data measured at nearby soiling (MSD) are all shown.2

stations in the Southwest of the United States.
These results were also enhanced, achieving Method R’ RMSE MSD

. 0 . SRR 087 0.009 -0.007
normalized RMSE of 20.1% when a selective- FRP: 0 mm, 3 day 081 0.010 0.007
sampling approach was employed to exclude

FRP: 0 mm 7 day 0.80 0.012  0.009
. . . .. FRP: 0 mm, 0 day 0.80 0.009 0.005
from the analysis data points with dissimilar
characteristics.

FRP: 5 mm, 14 day 0.79 0.035 -0.019
FRP: 5 mm, 7 day 0.78 0.039 -0.023
FRP: 0 mm, 14 day 0.78 0.014 0.011
FRP: 0.5 mm, 7 day 0.77 0.010 0.005
FRP: 5 mm, 3 day 0.77 0.042 -0.025
10 FRP: 0.5 mm, 14 day 0.77 0.012 0.008
11 FRP: 0.5 mm, 3 day 0.77 0.009 0.003
12 FRP: 5 mm, 0 day 0.77 0.044 -0.027
13  FRP: 0.5 mm, 0 day 0.76  0.009 0.001

=l IR o ML R SV I
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Soiling Loss from Environmental Parameters

The study by Micheli et al.>> showed the possibility of estimating soiling using nearby data. But,
in accordance with the conclusions of Gostein et al.'® as well, it also highlighted that the
predictions tend to worsen if the data points employed for the estimation are located more than
50 km from the investigated site. This means that estimating soiling losses at a new PV site can
still be challenging if no soiling or PV performance data are available within that distance. For
this reason, the NREL team also investigated the correlations between soiling and environmental
parameters. The initial results of this effort have been published by Micheli et al.,* where a
method to accurately determine soiling from six soiling stations was presented. This method was
then used by Micheli et al.,?® where soiling data from 20 soiling stations installed in the United
States were compared with 102

parameters describing the Average PM10 of best available monitoring stations
Station, S geometry, Site Average PM2.5 of best available monitoring stations

Average PM2.5 of closest monitoring stations —

Characteristics and local Average PM10 of closest monitoring stations
. i Number of PM10 sources within 30 km
pOlluthH and meteOI‘OIOgy tO Number of PM2.5 sources within 30 km
. . : . . Average length of the dry period
ldentlf}./ prlorlty V‘arlabl‘es tO Maximum length of the dry period
determine annualized site- Number of PM10 sources within 50 km
. g Number of PM2.5 sources within 50 km
Speclﬁc SOlllng losses as part Of Average length of the dry period (only rain > 0.3 mm)
1 Maximum length of the dry period (only rain > 0.3 mm)
the Phase 1 MlleStone The Number of PM10 sources within 10 km
analy51s (Flgure 3) showed that Number of PM2.5 sources within 10 km
Number of rainy days per year
the PM 10 and PMZ.S Number of rainy days per year (only rain > 0.3 mm)

measurements (eXpreSSing the NSRDB mean wind direction (angle of incidence at noon) . . . .

. . 0 0.2 04 0.6 0.8
mass Concentratlons, inl m3 of Adjusted coefficient of determination (R?)

air, of airborne p aﬂlcglate Figure 3. Parameters with the highest coefficients of
matter less thaq 10 microns and  getermination and p-values < 0.05 when related to the soiling
less than 2.5 microns in ratio of the 20 soiling stations investigated in Micheli et al.26

diameter) are highly predictive

of a site’s soiling ratio, with

adjusted R? up to 0.82. Along with the pollution data, some rainfall parameters, describing the
average and the maximum time between consecutive rainfalls, showed the strongest correlation
with the soiling ratio. This analysis was later repeated with a larger number of data, using the
measurements of 40 soiling stations installed in the United States.?” This new study aimed to
extend results of the previous investigation by adding additional parameters to the number of
variables considered previously and by analyzing how different resolutions, sources, or
interpolation techniques can have an impact on predicting soiling. The investigation confirmed
that particulate matter and rainfall statistics have the best correlations with soiling.

As shown in Figure 4, (where the significant variables describing the same parameter and
sourced from the same database have been grouped for better readability), a normalized RMSE
as low as 14% can be achieved by using the PM2 s concentration measured at monitoring stations
to estimate soiling. This value is already lower than the 25% normalized RMSE target for the
Phase 3 milestone. The study showed how the correlation between PM» s, PM 1, and soiling ratio
varied depending on the interpolation technique and on the distance between the soiling station
and the Environmental Protection Agency (EPA) monitoring station. Overall, PM2s and PM o
were found to have similar performance for data extracted within 50 km. PM2 s performed
consistently even if measured up to 250 km away from the soiling site, whereas prediction
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accuracy using PM o dropped significantly at large distances. Among the investigated
techniques, the distance-based interpolation techniques were found to be more robust at large
distances. Among the rainfall data, the maximum and average length of the dry period showed
the most significance, with the best results obtained if a minimum rainfall threshold of 1 mm or
less (or even no threshold) was considered. The best overall results were obtained through a 2-
variable regression by combining the particulate matter and the maximum length of the dry
period, yielding an R? of 0.9 and a RMSE of 9%, which meets the Phase 3 milestone.

Using PV system operational data presents numerous challenges. Systems can consist of many
inverters as well as strings with different soiling rates. The output data are not consistent because
some systems report power and some report current; not all report irradiance, which is needed to
calculate the soiling ratio. Lastly, data quality can vary substantially from system to system.
Systems can have inaccurate metadata information, tracking issues, clipping, temperature effects,
gaps in reporting, and erroneous data, and data are shared in various formats from the utility
managers.

1.4 P22

21

13
- _20
1.2 A ris
L1s

11
V]

0.9 4

Root Mean Square Error (RMSE)

PM3 5 PM;s PMm Max Dry PMas sources PM1g soun:es PMzs tons PM1g tons Drv PM; 5 Max 5 Dry
(EPA) (FAQSD) (EPA) Period (NEI) (NEI) (NEI) (NEI) Period  (palhousie) ~ Periods

Figure 4. The root-mean-square errors and normalized root-mean-square errors obtained by
comparing the actual soiling ratios with those predicted by using the significant linear
correlations.?’

Despite these challenges, working with system-derived soiling losses opens up the possibility of
using 10—-100x more locations with greater geographic diversity. To address these issues and to
work with well-curated data from 100s or 1000s of sites, the data have to be organized and
accessible. Therefore, a PostgreSQL database has been created to store the relevant time-series
data and metadata for each system. An extract transform and load (ETL) procedure has been
developed to store each PV performance dataset in a consistent way in the database and to
univocally link it to a methodically organized metadata repository.

A new integrated soiling model has been built from the soiling extraction algorithm presented by
Deceglie et al.>! to automatically pull data from the new database and to analyze them
leveraging other PV resources, such as RdTools, National Solar Radiation Database (NSRDB),
and PVLIB. Coincident meteorological data are extracted from NREL’s NSRDB?® and added to
the performance data to enable filtering and calculating the plane-of-array irradiance by using the
functions available in the PVLIB package. Data are filtered to remove low irradiance and clipped
data by using the RdTools package, and they are corrected according to referenced temperature
and spectral models.?’ The soiling ratios, calculated using NREL’s PV soiling Python
package,>!” as well as the settings used in the calculation are stored in the database for analysis.
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This new infrastructure enables us to consistently extract soiling loss from a large number of
sites and will be shared with other NREL projects. Using this infrastructure and building on the
success of predicting soiling losses within the dataset of 41 soiling stations, we applied
generalized linear models to soiling losses extracted from 336 different PV systems. With these
models, we have achieved a relative RMSE of 14.2% with a 50/50 split of training and testing
data per the Phase 3 milestone. Using an 80/20 split, we were able to achieve a relative RMSE of
14.6% using a model that includes interactions between variables. This is an encouraging result
because interactions will likely to be important features as we work with more sophisticated
models in the future. The details of the models, along with maps generated with them, will be the
subject of a publication in follow-on work under a different project in FY'19.

Soiling Mechanisms

To better understand and quantify soiling on solar panels, we investigated the adhesion
mechanisms between dust particles and solar glass. The adhesion was determined using
techniques such as quartz-crystal microbalances (QCMs) and force vs distance (F-z)
measurements performed with an atomic force microscope (AFM). By monitoring the QCM
frequency change, NREL was also able to define and detect when dust transitioned from loose
particles to “cemented” on the glass surface. The AFM was able to directly measure the adhesion
of simulated and actual dust particles as a function of surface roughness, humidity, and surface
composition/energy. Furthermore, NREL quantified that the high voltages in the PV arrays
induce additional particle attraction to the PV surface, additional adhesion on the surface, and
ultimately increased soiling loss in the field.

Initial Soiling Adhesion

To emulate dust interacting with the front surface of a solar panel, we measured how oxidized
AFM tips, Si02 glass spheres, and actual dust particles adhered to PV glass. The van der Waals
forces were evaluated by measurements performed with zero relative humidity (RH) in a
glovebox, and capillary forces were measured in a stable environment created inside the AFM
enclosure with RH values ranging from 18% to 80%. To simulate topographic features of the
solar panels caused by factors such as cleaning and abrasion, we induced different degrees of
surface roughness in the solar glass. We were able to 1) identify and quantify both the van der
Waals and capillary forces, 2) establish the effects of surface roughness, RH, and particle size on
the adhesion mechanisms, and 3) compare adhesion forces between well-controlled particles
(AFM tips and glass spheres) and actual dust particles.

At lower RH values, adhesion is dominated by van der Waals forces, and at higher RH, capillary
forces can dominate if the water layer is thick enough to overcome the surface asperity.
However, surface roughness has a major effect on the adhesion process by reducing contact area
due to surface topographic features; thus, the value of both forces substantially decreases as
roughness increases. So, for AFM probes, which have a low aspect ratio and can penetrate the
surface topographic features, the adhesion forces were not substantially affected by surface
roughness. The main difference between the adhesion of AFM tips and glass spheres—compared
to actual dust particles—is that the topographic features of the dust particles substantially impact
the contact area such that adhesion due to short-range van der Waals or capillary forces does not
significantly depend on particle size (Figure 5). These results resolve the field observations that
larger dust particles can be blown off by wind, but smaller dust particles cannot. With smooth
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particles, the contact area effectively increases with particle diameter; thus, the adhesion force
increases as the shear force from wind increases, suggesting that the larger particles should
adhere as well as smaller particles. However, because of the random nature of the particle
roughness—and consequently, the adhesion/contact area of actual dust particles—the adhesion
cannot be related to dust particle size. Thus, the increase in wind force with particle size
increases, and, on average, larger particles will be more susceptible to be removed by wind when

only van der Waals and capillary forces are in effec

Similar experiments were performed on the surface
of different materials and PV glass with different
coatings (e.g., Teflon, ultraviolet-treated Si, three
different commercial coatings, and different in-
house coatings). The key difference among these
different coatings/materials is the wide range of
“surface energy” as measured by water contact
angle. The water contact angles ranged from near
zero (i.e., high surface energy, very hydrophilic) to
more than 120° (i.e., low surface energy, very
hydrophobic). Systematic evaluation of the F-z
measurements using 20-pm-diameter SiO2 spheres
at different RH (~20%—-80%) showed little direct
correlation between the surface energy of the
different coatings and the adhesion force.?! As with
the PV glass, the magnitude of the initial adhesion
force was dominated by the surface roughness.
These results may help explain field observations
where both superhydrophobic and superhydrophilic
surfaces appear to reduce soiling rates. This may be
related to the fact that these types of coatings
typically rely on “surface texture” (i.e., rough
surfaces) to achieve the “super”-
hydrophobic/hydrophilic properties.

Electric-Field-Induced Soiling (Particle
Attraction and Adhesion)

The standard practice of arraying modules together
to operate at high voltages—and thus, to reduce
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Figure 5. F-z curves for several dust
particles as a function of relative humidity
for two different surface roughness values.
The insets show the scanning electron
micrography images for two of the dust

particles.

resistive losses—has been demonstrated to have unanticipated consequences. The most well-
known of these is potential-induced degradation (PID), where the high voltages cause sodium
migration from the glass to the cells and result in power loss. Recently, NREL has been
investigating the impact of these high voltages (modules being at up to 1500 V) on soiling. These
investigations were initiated because the electric fields from the high voltages extend well
outside the module, thus having the possibility of attracting dust particles and holding them more
strongly to the glass surface. To measure the forces, real dust particles and silica spheres (with
well-defined shape and chemical compositions) were attached to AFM cantilevers and F-z)
curves were measured using a piece of crystalline-Si module with a deposited metal strip on the
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front glass surface to emulate a module frame. The electric field force (Fes) and van der Waals
force (Fvw) can be well separated from the F-z curve (Figure 6a) due to the long interaction

ranges of Fes (um to sub-mm depending the voltage, Vs) and the short range of Fvw (~nm).
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0 z 50 & 50
s = *H2 E o7 -
3?2 . g 0 mn . 240 r.m .
- — approach : 2 #3 —
c I AV L @ | . #3
§ — retract 2 % [« sio, . 5 30 N |
2 = Si0,
% I g 2 . T2 &
= fll=uzii E E ]
i) v
L AV u% 10 * - E w0 F ¢ 3
fm’-mvw + * a | | = &
-10 . L - on—a—8 | = o L& 7 ,
o 1 2 3 0 200 400 600
Distance [um) 0 200 400 600
Voltage (V) Veltage (V)

Figure 6. (a) AFM F-z curve at Vs = -150 V, (b) Fes measured on three dust particles with
different sizes and shapes and on a silica sphere with diameter of 20 um, (c) normalized Fes per
unit area facing to the glass.
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Fes was measured as a functions of: 1) Vs applied to the cell, 2) vertical distance above the
module glass surface, 3) dust particle volume and shape, 4) lateral position away from grounding
frame, and 5) time after tuning off Vs for simulating the remaining Fes after sunset. The results
elucidate the following: 1) Fes on typical dust particles dominates the adhesion force of ~2.5 uN
with just Vs =100 V (e.g., single large module voltage not in an array), which is several times
the Fvw (~0.5 uN) and capillary force (Fcp ~ 1 uN).3! Fes increases rapidly with Vs (Figure 6b)
by about one order of magnitude larger (tens of uN) with Vs =500 V (e.g., average module
voltage in a 1000-V array). 2) Fes decreases the farther away from the glass surface, but the
amount of Fes depends on the Vs and particle size. For a 20-um silica sphere, the attraction force
extended over 200 um at Vs = 1000 V, 50 um at Vs =500 V, and 10 um at Vs = 100 V. These
Fes interaction distances are many orders of magnitude longer than Fvw and Fcp (~nm), and
thus, substantially extend the typical two-dimensional adhesion forces of Fvw and Fcp to long-
range three-dimensional attraction forces. 3) The magnitude of Fes depends on the dust particle
materials and topology (Figure 6b). Specifically, charged particles, more polarizable materials,
and particles with larger cross-sectional areas facing the glass (e.g., mica or flatter dust) (Figure

6¢) will be more attracted and adhered. 4) Moving from
the center of the glass to the “grounded frame,” Fes
begins to decrease about 5 mm from the frame and is
zero at the frame, where the grounding prevents the
electric fields from extending beyond the glass surface.
However, in the region close to the grounded frame, as
observed with PID, the leakage current is greatest. 5)
Due to semi-permanent induced dipole formation in the
glass and particle, as well as static electrical charge
build-up on the module glass surface, Fes may remain
(decaying from several uN) for several hours after
switching off Vs, indicating that the dust attraction and
adhesion will be enhanced long after the sun has set.
The static electric component may be quickly reduced if
there is a path to ground for the inverter electronics and
modules.

Finally, a set of experiments were performed where
three PV modules were placed side by side at a site in
Riverside, CA. One panel was biased at +1000 V,
another at -1000 V, and the third operated normally. As
shown in Figure 7, the panels biased at £1000 V both
showed a substantial decrease in power loss compared to
the unbiased panel. This definitively demonstrates that
under the appropriate environmental conditions, soiling
losses may be substantially higher in PV arrays that
operate at elevated voltages (e.g., £1000 V to £1500 V).

Cementation
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Figure 7. Image (above) and soiling
loss comparison data (below) of PV
modules in Riverside, CA. One
module operated with no bias,
whereas the other two were biased
at +1000 V and -1000 V. The ratio of
the measured short-circuit currents
are shown and indicate that the
-1000 V module is soiling faster than
the +1000 V module, which is soiling
faster than the unbiased module.

Part of the immense difficulty in understanding soiling are the complex processes involved in
“loose” dust particles becoming more strongly adhered to the PV module surface due to a variety
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Figure 8) that accurately measures small 3
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measuring the onset of thg shear-wave @ Figure 8. QCM data demonstrating the onset
formation that, by definition, marks the “phase  of cementation of halite dust particles during

or percolation transition” from individual cycling between dry and humid air.
particles into mechanically monolithic solids

able to transmit shear forces. The main issue involves interpreting the frequency changes related
to larger particles (i.e., greater than 40 pm) on the surface of the QCM that are typical of soiling.
Because of the large size, the particles cannot oscillate with the QCM, but are inertially clamped
to the QCM crystal surface and thus apply a restoring force. This force may change over time
due to friction-induced wear. However, as seen in Figure 8, the onset of cementation is clearly
measured by the QCM, when the individual sliding particles become rigidly adhered. Additional
work will be performed to quantify the adhesion strength and determine the exact adhesion
mechanisms involved.

Thus, we use the term cementation to describe particles that have adhered to surfaces or to each
other such that they resist removal by shear forces applied by wind, water, gravity, brushing, or
other means. As reported by D’ Amour and coworkers, shear stiffness observed in this type of
measurement system is a “faithful indicator of interparticle cohesion.”** Our work with this
measurement system is further motivated by other factors: virtually all module cleaning
processes are based on the application of shear forces. In addition, a recent review on module
soiling points out that resuspension of soil from modules is controlled mainly via shear forces
resulting from hydrodynamic drag.*

The key findings from these investigations found that humidity was a key factor in almost all
cementation processes. Even highly cementing materials, such as the clay palygorskite, did not
cement until the humid air was introduced into the system. Although palygorskite cements with
only a minimal amount of water, other minerals required tens to hundreds of cycles between dry
and humid air before cementation occurred (e.g., calcite and gypsum), whereas some materials
(e.g., silica) did not cement at all in our tests. Based on reports in the literature, a number of
minerals commonly found in soiling deposits >3 were purchased as sized, pure materials, then
screened for their propensity to undergo the cementation phase transition. In addition to the
minerals described in the literature, the cementation and adhesion of cellulose was studied on the
basis of it being a proxy for pollen and other plant material. These types of materials appear to
cement quickly. We hypothesize that the clay particles, which are typically sheet-like, have a
higher ratio of surface area to mass than the calcite particles, and thus, they are more prone to
sticking to the oscillator. This, by itself, is a significant finding: quartz-crystal resonators of the
sort used here appear to be exquisitely sensitive to the mechanical properties of dust layers, and
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their use could ultimately lead to improved methods in artificial soiling, soil adhesion testing,
module cleaning, and other areas of interest to the PV soiling community.

Soiling Standards

The literature is concerned with the soiling of PV37 and concentrating solar power (CSP), %
and typically provides a basic correlation with the loss of optical transmittance and the
degradation mode(s). In other cases, artificial abrasion methods are performed *’ without the
critical correlation to damage from natural weathering. Historically, many groups have
developed anti-reflection/anti-soiling (AR/AS) coatings, but we lack an understanding of the
efficacy of AR and AS coating types (including hydrophilic and hydrophobic) relative to the
cleaning methods used in the PV industry. Lastly, the understanding of natural soiling and its
effects is not complete and would benefit from additional study. Thus, at the outset of this
project, NREL developed a plan to simultaneously obtain field data and to develop laboratory
tests that can emulate the damage/degradation observed in the field. Ultimately, this work is
focused on providing the critical feedback needed for developing a PV module abrasion test
standard, but was designed to also advance the understanding of soiling issues, in general.

Evidence from Field Samples and Veteran Modules

Details and initial results of the field study are described in Toth et al.*! and Einhorn et al.** The
tests included deploying replicate coupon specimens for 10 “materials” consisting of coated or
uncoated substrates, 75 mm X 75 mm X 3.2 mm in size. The coatings in the studied had AR
and/or AS functionalities. The specimens were weathered in or near the soiling-prone cities of
Tempe, Arizona; Sacramento, California; Mumbai, India; Kuwait City, Kuwait; and Dubai,
United Arab Emirates. Separate racks of samples at each site were either: not cleaned (NC);
cleaned with a hog-bristle dry brush (DB); cleaned with a low-pressure water spray (WS); or
cleaned with a wet polypropylene sponge and rubber squeegee (WSS) (Figure 9). Except for
Kuwait, where the samples were cleaned daily, at all the other sites the samples were cleaned
once per month. The specimen racks were assembled and fielded in 2016, with the initial sets of
samples being returned after the first year in 2017, and the second sets of samples being returned
after the second year in 2018. For transport back to NREL for evaluation, the samples were
encased with a specially designed cover rail to protect the samples during shipping and handling.
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To date, 18 veteran modules have also been
collected and examined for reference relative to
the field study. The presence of biological
contamination was confirmed for several of the
modules. Changes in surface chemistry of the
glass with natural aging (including the
accumulation of iron and aluminum) were
quantified for some of the modules. It was not
possible to extract samples from the veteran
modules for optical transmission characterization
for several reasons, including the limited I T
specimen size that can be obtained from 12

tempered glass as well as the difficulty in
completely removing the encapsulant from the
glass surface on the interior of the module. The
exterior glass surface morphology, however, was
examined for future reference for the abrasion
standard.
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PV temperatures, it was not originally
anticipated; however, it was a substantial issue on
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both the glass specimens and veteran modules Figure 9. Image of field samples (top) and
from several locatiqns. The Al.ternaria genus of gr:rr:; %Lg:tr:‘égo(gzrg; z?cf’igl':g;gz ZT;::"t
ascomycetous fungi was identified from NREL coupons from Dubai as a function of
specimens. Fungi were confirmed to interact with coating and cleaning technique (DB = dry
inorganic contamination, increasing their effect brush, WS = water spray, and WSS = wet
on optical performance and resulting in greater sponge and squeegee). The PAC of each

coupon is calculated as the average of the

loss of power production in PV installations. PAC of five locations on the same coupon.

Analysis of the initial returned field coupons

focused on quantifying contamination to assess the efficacy of cleaning and the effectiveness of
the coating materials (Figure 9). From that, the DB cleaning method was found to induce more
damage (in the presence of contamination) than the cleaning methods that used water (WS and
WSS). Furthermore, the WSS method appeared to provide the best cleaning of the coupon
surfaces and to decrease the development of fungus colonies on coupon surface. Methods
including spectrophotometry (with optical analysis) and electron microscopy were used to verify
the integrity of coating materials (or their damage/removal from the cleaning methods). For
example, optical microscopy analysis was used to quantify the amount of area coverage due to
fungi and that due to more typical soiling from dust. As shown is Figure 10, for both the dust and
fungi, there is a direct linear correlation between surface area coverage and decrease in solar-
weighted transmittance and thus PV power loss due to soiling. However, correlations between
coating properties and soiling are very difficult to quantify, and substantially more work in this
area is required. Ultimately, we hope that examination of the coupon specimens will help in
selecting coating materials, cleaning methods, and locations to focus on as the abrasion standard
is developed.
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Accelerated Tests and IEC Standard

Review within the International Photovoltaic
Quality Assurance Task Force (PVQAT)
Task Group 12-3 (TG 12-3, soiling and

915

Best Linear Fit

® Dubai, R*=0.95
® Mumbai, R? =0.99

coatings) identified that abrasion of AR and
AS coatings was the foremost concern in the 90.5 1
PV industry, not delamination of AR/AS
coatings. Three types of accelerated tests are
commonly used for research and
development, material selection, and the _
design qualification of coatings: falling 2 e
sand;* forced sand impingement;** and
machine abrasion.*® Although existing 89.0 1
standardized methods used in other industries

might have applicable components, none are 885 , ‘ , ,
correlated or tailored to PV. For example, the 0 2 4 6 8
use of the falling sand test with common % Area Coverage (average)

silica particulate abrasives was found in
TG12-3 to frost glass. This is too severe and
not observed with veteran PV modules from
the field. Thus, the present sand drop test
needs to be adjusted to provide useful
information for PV coatings that are typically
more susceptible to damage compared to the
glass. Therefore, developing a test standard covering abrasion methods was initiated to respond
to the industry interest identified in TG12-3.

90.0 A ‘4 -

T.sw (average)

Figure 10. Correlation between area coverage by
soiling and representative solar-weighted
transmittance (tsw) for uncoated glass (J) samples
from Dubai (red circles) and Mumbai (blue circles).
The average baseline 1sw of uncoated glass (J) was
91.2% (black circle, standard deviation was ~0).

A literature review of abrasion test standards, including those cited in the PV industry as well as
methods from other industries, resulted in an NREL report.*” After the report, the recent
development of abrasion test methods for the automobile industry emerged as a guiding
example—where the damage morphology from field study was used to select the relevant test
methods and guide their development for polymer/other glazings.*® In addition, based on
PVQAT TG12-3 feedback, it appears that cleaning of soiled modules is more damaging than
natural abrasion, e.g., blowing sand. Thus, issues with the cleaning equipment are being
explored, where the PV industry frequently leverages the equipment and methods used in the
building glazing industry, e.g., water-fed pole brushes.

Research activities were conducted to verify some of the descriptions and conclusions from
TG12-3 as well as gain familiarity with the artificial abrasion methods. First, the falling sand test
was performed using standardized sand from the cement industry.* The ASTM method>® was
confirmed to frost (abrade) glass, giving a heterogeneous wear pattern. Much of the subsequent
experimental work then focused on machine abrasion using a linear reciprocating brush, with
both wet slurry and dry abrasive. The brush tests, both for A4 (coarse) “Arizona” (AZ) test
dust,’! confirmed that the slurry abrasive is less damaging (i.e., difficult to quantify changes in
transmittance) than dry abrasive used with the same brush. Comparison of the three most-
common bristle materials used in the industry (nylon, polyester, and hog bristle) confirmed that
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nylon was the most damaging and also may result in the deposition of a contamination film when
A4 test dust was used.

A test standard (IEC 62788-7-3 provisioned) was initiated in the IEC Working Group 2 (WG2,
PV modules) in January 2018. The scope of the standard includes falling sand, forced sand
impingement,>? and machine abrasion methods. Both linear and rotary brush methods were
proposed, based on the popular use of robots for cleaning in the PV industry. Recent interest in
the erosion of backsheet materials found WG2 requesting that the use of the methods for
backsheet materials also be specified in the abrasion standard. Recent development of the
standard focused on building consensus for details of the methods, including the abrasive (i.e.,
now A3 “medium” AZ dust) and the bristle materials.

Artificial Soiling

An indoor in-situ soil deposition method was developed by partners at Arizona State University
to simulate natural soil deposition on glass coupons or multi-cell PV modules. This method
controls variable ambient humidity, module temperature, and dust composition within a single
enclosure to create a natural and uniform soil deposition layer. Various electrical and optical
characterizations were used to quantify technique repeatability, and the dust uniformity and the
effect of the deposited soiling on glass coupons or multi-cell PV modules. This included image
processing to determine the particle size of deposited soiling and module current-voltage
measurements to demonstrate that soiling loss is similar to that of field modules. Ultimately, this
work is leading to the development of an international standard to help quantify the efficacy and
reliability of PV module coatings (e.g., AR or AS).

Conclusions

As outlined in the Executive Summary and throughout this document, this project had many
substantive accomplishments too numerous to document here. However, the major results
include:

e Being able to measure soiling losses directly from production data and accurately
predicting soiling losses at new sites.

e Understanding the major mechanisms associated with initial adhesion and cementation,
and finding that high voltages and humid environments increase soiling losses (the latter
due to fungi growth).

e Establishing road maps and a scientific basis to develop PV module coating abrasion and
testing standards.

e Completing all milestones and progress indicators on time and at or beyond the specified
requirements.

Ultimately, these accomplishments will help the PV community to measure soiling loss, more
accurately predict the impact of soiling on production output, develop better AR and AS
coatings, better optimize cleaning schedules and techniques, and ultimately, have standards for
testing PV coatings and cleaning methodologies. All these benefits will reduce uncertain, reduce
finance cost, increase energy production, and thus, reduce LCOE.
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Budget and Schedule

Overall, this project was well funded by the U.S Department of Energy (DOE) and allowed
NREL to have substantive accomplishments in many areas to help the industry in PV module
soiling, starting in October of 2015. However, most of these accomplishments would not have
been possible without the incalculable “cost share” of knowledge, capabilities, resources, and
especially production/soiling station data provided by our partners. Ultimately, our partners
provided twice to more than 10 times the help/data than was initially proposed in the initial
technical work plan to help us develop soiling loss procedures from production data and soiling
loss models from environmental parameters, as well as providing coated glass and sites for the
coupon testing. Thus, the overall cost share from our partners to this project was several times
the amount DOE provided. The project efficiently utilized all of the DOE funding provided and
met all milestones and progress indicators on time. Thus, no substantial deviation in spending or
schedule occurred. The project is in the process of wrapping up and transitioning some activities
to new DOE-funded projects that will work over the next few years to build on the achievements
of this project.

Path Forward

While this project was very successful, there are several areas that can build on the
accomplishments and/or new paths to follow. In terms of soiling loss measurements and
predictions, future studies need to develop a better understanding of spatial and temporal
nonuniformity of soiling at the module, array, and site level as well as for regions between sites.
The accumulation of soiling, indeed, can be strongly seasonal,!”** subject to interannual
variations,'” and nonuniformly distributed over a PV site. Some of these issues will be
investigated in a new DOE project at NREL focused on module degradation. In this work, the
soiling map and some of the predictive modeling will be formalized and added to RdTools.

The use of soiling stations should not be disregarded because they can be a useful tool to
investigate the nonuniformity of soiling over plants or even strings of modules and to enhance
the soiling extraction models by developing methods to automatically distinguish soiling from
other reliability issues. In this light, two U.S. provisional patent applications were filed on April
5, 2018 and June 26, 2018 at the United States Patent & Trademark Office (Application numbers
No. 62/652,955 and 62/690,086). The applications, based on the NREL Record of Invention No.
17-85, present the design and the validation of a new cleaning-less soiling station. The invention
uses a transmittance measurement to quantify the soiling accumulated on a PV glass mounted
parallel to the PV modules under investigation. The invention does not require cleanings to be
performed and, as described by Micheli et al.,>* it can be used to determine the losses of various
PV technologies. Made of standard low-cost components, the product developed from the
invention is expected to have a price lower than standard automated soiling stations and be
competitive with other cleaning-less soiling detectors recently launched in the market. In
addition, the absence of moving parts will make it less exposed to reliability issues and the use of
transmittance measurements will lead to a better signal-to-noise ratio than devices based on
reflectance measurements.

Perhaps the most difficult work attempted in the project was to understand the mechanisms and
processes involved with soiling and adhesion to the PV module surface. As discussed above, we
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made substantial headway in this area, but more work is needed to identify the chemical
processes involved so that effective mitigation can be developed. For example, cementation
appears to involve water and certain minerals, but much more work is needed to determine if
adjusting the surface chemistry of the module can reduce cementation formation. Similarly, it is
clear that initial dust deposits on the module surface are not significantly affected by the surface
composition. However, initial dust adhesion is well correlated to surface roughness, which may
also play a substantive role in cementation. Finally, the extent of fungi growth and its impact on
PV production needs to be quantified; if this turns out to be a substantial problem, then adequate
mitigation practices need to be developed and implemented.

The standards work will continue as part of the NREL PVQAT core effort. This will include
continued field sample evaluations and developing testing protocols for standards. Ultimately,
standards for coating abrasion, artificial soiling/coating efficacy, and PV cleaning will be
developed.
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